Electrocardiograms of forty-six cases of pure pulmonary stenosis were analyzed before and after valvulotomy. The electrocardiograms taken at the last postoperative examinations (three months or longer after the operation) revealed significant changes as compared with the preoperative tracings. It is suggested that these changes may be due to the diminished load on the right ventricle and'-ight auricle after the operation. Evidence is presented that electrocardiography offers a simple and valuable means for the evaluation of the result of valvulotomy in pure pulmonary stenosis.
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SURGICAL advance in the correction of certain congenital cardiac defects renders an accurate diagnosis of these conditions important. In view of the fact that some malformations of the heart are associated with hypertrophy of the right ventricle whereas others are characterized by left-sided preponderance, a correct diagnosis often rests upon the evidence obtainable as to the relative amount of work demanded of these chambers. Consequently, the presence of right or left ventricular hypertrophy is one of the most important differential diagnostic signs. The difficulty, however, in the positive establishment of lesser degree of relative ventricular enlargement on clinical examination, including x-ray study, is well known and additional diagnostic procedures are often needed. Modern electrocardiography has increased the information derived from the electrocardiogram.
A considerable amount of statistical data has accumulated concerning the various intervals and deflections of the electrocardiogram in normal children.i-7 The measurements obtained are, however, subject to a fairly wide range of variation which limits their value as normal standards in the study of specific cases.
During recent years, certain electrocardiographic criteria for right and left ventricular hypertrophy have been established.8-1' Most of these observations have been made on adult patients and, therefore, the measurements obtained are not directly applicable to the study of children. Moreover, there is still a lack of agreement as to which electrocardiographic measurement gives the most valuable information in regard to right and left ventricular hypertrophy.
Cardiac surgery offers an opportunity for a new approach to the electrocardiographic study of ventricular preponderance. The present study was undertaken in order to determine what changes, if any, occurred in the electrocardiogram of patients operated upon because of congenital heart disease. Only uncomplicated cases were included in this study. The material comprised malformations characterized by an increased load on the right ventricle as well as those with left ventricular preponderance. Furthermore, the types of malformations were selected so that the factor which caused the strain on the heart could be eliminated or at least greatly decreased by the operation. A comparison between the electrocardiograms taken before and after the operation, when either normal or practically normal conditions had been created, seemed to [ T T T I I T [ T 1 T I X * , , , , , l , | I , { , f i f i t * I I I X I l r r r r I X I I I E I f i Z X X I I X I * I § x I w * r T T T I r r T T r I * l * s r s W | | | w e r r T l 1 r r E r r * * r T s r l I * I I T T X a s r L L s X -r r s t t s r r r w i r T T r t e l a r T T r l . l l r l . z r r r s l l L l Hg. B. Two weeks after pulmonary valvulotomy. T-wave inversion, suggestive of myocardial injury, has appeared in leads I, II, aVL, and V5. These changes persisted for three additional weeks. C. One year after pulmonary valvulotomy. Note the decrease in the amplitude of the P wave in lead II and the decrease in the angle of the electrical axis. The T wave has become positive in leads I, II. III, aVF and V5. The R/Q and the R/S ratios have changed in aVR, V1 and V5. At this time, the right ventricular pressure was 65/0 mm. Hg. and the amplitude of the P wave, the P-R interval, the QRS duration and the Q-T interval were, according to standard procedures, obtained from standard lead II. The location of the electrical axis of the QRS complex was derived by algebraic addition from Einthoven's triangle. The relation between the electrical and the anatomic position of the heart was studied according to the criteria described by Wilson and associates." The amplitudes of the Q, R, S and T waves were measured in the three standard leads, in the unipolar limb leads and in the right (V1) and left (V5) ventricular surface leads. The shape of the S-T segments was studied in all these leads. The onset of the intrinsicoid deflection in V, and in V5 was measured from the beginning of the Q wave to the peak of the R wave. Finally, the ratio between the positive and negative deflection of the QRS complex was determined in all these leads.
According to this procedure, 60 electrocardiographic particulars were analyzed in each of the cases before and after the operation. The average pre-and postoperative measurements were derived from all groups. In the presentation of the results, only significant changes in the electrocardiograms will be discussed in detail. The surgical technic consisted in each case of pulmonary valvulotomy. The operations were done by Dr. Blalock or by members of his surgical staff at the Johns Hopkins Hospital. At the operation, the stenosed valve was palpated in each instance and the typical jetlike thrill was felt distal to the stenosis.
Prior to the operation, 34 of the patients revealed slight cyanosis which disappeared after valvulotomy. This was considered to indicate the presence of a foramen ovale. The remainder of the patients were acyanotic before, as well as after, the operation.
Transient changes in the electrocardiogram, suggestive of myocardial injury or pericarditis, frequently occurred immediately after the operation, and these changes sometimes persisted during the subsequent few weeks. These changes, which were similar to those described by Brock and Campbell,31 mainly affected the T waves. Figure 1 illustrates one of these cases. In addition, transient arrhythmias, mostly extrasystoles, were occasionally recorded : -
POSTOPERATIVEi ELECTROCARDIOGRAM IN HEART DISEASE. I during the early postoperative period. Therefore, only those records of patients who had been followed for at least three months after the operation were included in this study. Table 1 shows that the postoperative observation period, that is, the time inter- Figure 2 illustrates a case in which the amplitude of the P wave in lead II decreased from 0.7 to 0.2 mv. A decrease in the duration of the P wave occurred after the operation in 33 instances. The average P-R interval and the average QRS duration showed no significant changes. Only occasionally was a significant decrease in the QRS duration recorded postoperatively ( fig. 3 ). Table 2 shows that the different measurements were subject to a fairly wide range of variation before as well as after the operation.
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1o,11i111l11> Prior to operation, the electrical position of the heart was vertical or semivertical in 41 of the cases (table 3) . No significant change in the electrical position of the heart was recorded after the operation.
Q Wave. In most of the leads, no significant changes were seen in the amplitude of the Q wave. An isolated Q wave was present in lead I in six cases pre-and postoperatively. In lead II, a Q wave was recorded in 18 cases before and in 16 RIS and RNQ Ratio. In many leads, changes in the ratio between the amplitude of the R wave and that of the main negative deflection were recorded after the operation. An increase in this ratio was usually seen in lead I and a corresponding decrease in lead III; this was consistent with the shift of the electrical axis towards the left. Significant changes also occurred in aVt (figs. 1, 3, 5 and 6). Figure 5 shows that the positive deflection in aVrR xsas greater than the negative in 41 cases before the operation. Following pulmonary valvulotomy-this ratio decreased in 41 cases and in only 14 instances was the positive deflection bigger than the negative at the last examination. A postoperative increase in the R/S ratio in V5 was recorded in 31 instances.
Onset of the Intrinsicoid Deflection. In lead V1, the average time of onset of the intrinsicoid deflection before the operation was 0.048 second. A decrease in this measurement was recorded in 35 cases; the average postoperative measurement was 0.033 second. Lead V5 did not show any changes in the time of onset of the intrinsicoid deflection; the average pre-and postoperative values were 0.024 second.
An rSR' or RSW' pattern in V,, suggestive of partial right bundle-branch block, was recorded in five cases before the operation. Four of these cases showed evidence of patency of the foramen ovale. In three instances, an rSR' or RSR' pattern appeared in V1 following pulmonary valvulotomy. Figure 6 illustrates one of these cases.
S-' Segment. The S-T segments were normal in all the leads in 8 of the 46 cases. Table a shows that the remaining patients presented S-T depression or strain in one or more leads. These changes were most frequently seen inl leads III, aVF and in V1. Lead V~5 revealed changes in the S-T segments in four cases; in all of these, there was a marked clockwise rotation of the heart with right ventricular surface pattern recorded from V1 through V5. Following pulmonary valvulotomy, in 20 instances the S-T segments became normal in all the leads. Figures 1, 2, 3, 6 and 7 illustrate the changes of the S-T segments after the operation.
T ll'ae. The average preoperative systolic blood pressure was 105.5 mm. Hg. This pressure did not change. The diastolic blood pressure slightly decreased in 23 instances following pulmonary valvulotomy. The average preand postoperative diastolic blood pressures were 70.5 and 65.5 mm. Hg.
Cardiac catheterization was carried out in 30 cases preoperatively. In 26 cases the right ventricular systolic pressure exceeded 100 mm. Hg, the average systolic pressure being 144 mm. Hg. Twelve patients were recatheterized after the operation; in these cases the systolic pressure in the right ventricle had decreased by an average of 60.2 mm. Hg. There was a positive correlation between the degree of this pressure fall and the degree of the changes in the electrocardiogram ( figs. 1  and 7) .
The size of the heart, as determined by x-ray films, was within normal limits in 21 cases before the operation. Cardiac enlargement, with a cardiothoracic ratio between 45 and 55 per cent, was present in 18 cases, and in seven cases the ratio exceeded 55 per cent. During the early postoperative period, an increase in the size of the heart often occurred. At the last postoperative examinations, 23 of the patients still revealed various degrees of cardiac enlargement. As compared with the preoperative measurements, the size of the heart had decreased in 19 cases; the most marked decrease usually occurred in the younger age groups. In 24 instances there was no obvious difference between the size of the heart before and after the operation. In three instances, the last examination showed that the heart had increased over its preoperative size. No significant relation was observed between the size of the heart and the degree of the postoperative changes in the electrocardiogram. Thus, in many instances, although after operation the size of the heart had remained unchanged, there was a marked change of the electrocardiogram towards normal combined with a fall in the right ventricular pressure.
DISCUSSION
Significant changes, which followed a uniform trend, were recorded in the electrocardiograms after pulmonary valvulotomy. Inasmuch as the electrocardiograms had remained unchanged on repeated preoperative examinations, the assumption is justified that the vast majority of these changes were a direct result of the operation on the heart.
A slight decrease in the heart rate occurred, as a rule, after the operation. This change may have been a direct effect of the valvulotomy on the heart action. The possibility, however, that the decrease in the heart rate was in part a physiologic phenomenon due to increasing age should also be borne in mind.
The average amplitude of the P wave before the operation was about twice as high as that described in normal children.7 It is generally agreed that a high P wave suggests right auricular enlargement. The significant diminution in the amplitude of the P waves after the operation, the average measurement being within normal limits on the last postoperative examination, therefore, suggests a lessening of the load on the right auricle.
The Q-T interval was slightly increased in 14 cases before the operation, and a decrease in this measurement was recorded in 16 instances postoperatively. In this connection it is of interest that Alexander and associates36 found the Q-T intervals to be within normal limits in 13 adult patients with right ventricular hypertrophy.
High R waves in proportion to the S waves in V1 have been considered by many authors one of the most important electrocardiographic evidences of right ventricular hypertrophy. iii 21, 35, 37 In the present study, the average amplitude of the R waves in V, was about three times greater than that in normal children,7 and an S wave was recorded in this lead in only five instances. Following pulmonary valvulotomy, a decrease in the amplitude of the R waves in V, was observed in 40 of the 46 cases. Indeed, the average amplitude of the R waves after the operation was about half of that before the operation. Therefore, it seems safe to assume that the decrease in the amplitude of the R waves in V1 reflected the diminished load on the right ventricle after the operation.
In aVR, the positive deflection of the QRS complex was greater than the negative deflection in 41 cases before the operation. It is worthy of note that Goodwin,38 in a study of 53 healthy children, never observed the positive deflection to be greater than the negative deflection in aVR. Children with right ventricular hypertrophy, on the other hand, frequently showed a relatively high R wave in this lead. Thus, although an R/Q ratio of more than unity in aVR, according to a general concept,8 merely indicates clockwise rotation of the heart, it appears to be a suggestive indirect sign of right ventricular preponderance. This assumption is supported by the fact that a significant decrease in the R/Q ratio in aVE was observed in the majority of the cases after the operation.
Depression of the S-T segments and Twave inversion in leads II and III, especially when combined with right axis deviation, have been considered signs of right ventricular hypertrophy according to a concept advanced by Barnes and Whitten.'9 In the present study, S-T depression or strain was recorded before the operation in the majority of the cases in leads II, III, aVF or V,. Following pulmonary valvulotomy, these changes usually disappeared, which suggests a diminished load on the right ventricle. The same applies to the T waves, which, prior to operation, were inverted in leads II, III and aVF, and frequently became positive after the operation.
The upper limit of the time of onset of the intrinsicoid deflection V, in normal children is estimated at approximately 0.030 second.7' 35, 40, 44 An increase in this measurement is considered by many investigators a strongly suggestive sign of right ventricular hypertrophy.'0' 11, 19, 37, 41 In the present study, the average time of onset of the intrinsicoid deflection in V1 was 0.048 second. Following pulmonary valvulotomy, a decrease in this measurement was recorded in 35 instances. No corresponding changes were recorded in V5 in which the onset of the RS deflection was within normal limits before the operation as well as postoperatively. This observation suggests that the left ventricular load, contrary to that of the right ventricle, was not diminished by the operation.
An rSR' or RSR' pattern in V,, suggestive of partial right bundle-branch block, was recorded in five cases before the operation. Opinions still differ as to whether partial bundle-branch block, per se, represents a mild conduction defect or whether it is a sign of ventricular hypertrophy. [41] [42] [43] It is noteworthy that, in the present study, partial right bundle-branch block appeared in three cases following pulmonary valvulotomy. Since, in these cases, the electrocardiograms revealed evidence of a diminished load on the right ventricle combined with a fall in the right ventricular pressure, it seems reasonable to assume that the bundle-branch block which appeared after the operation was a conduction defect rather than a sign of ventricular hypertrophy.
As a rule, the postoperative changes in the electrocardiogram had stabilized about three months after pulmonary valvulotomy, and thereafter the tracings did not significantly change.
It is worthy of note that in a substantial number of the cases, the size of the heart did not diminish after surgery even in instances which showed a marked drop in the right ventricular pressure. The discrepancy between the marked clinical improvement and the failure of the heart to decrease in size following pulmonary valvulotomy has been observed by several investigators.31 32, 3 In the present study, the electrocardiograms as a rule revealed signs of diminished load on the right ventricle after the operation even in those cases in which the size of the heart had re-POSTOPE1RATIVE ELECTROCARDIOGRAM IN HEIART 1)ISEASE. I mained unchanged. These findings indicate that electrocardiography is a sensitive method for measuring the degree of right ventricular strain. Therefore, comparative electrocardiograms taken before and after operation offer a simple and useful means for the evaluation of the result of valvulotomy in pure pulmonary stenosis.
SUMMAR Y Forty-six cases of pure pulmonary stenosis were studied before and after pulmonary valvulotomy. The majority of the patients were children. In each case, 60 electriocardiographic measurements were studied pre-and postoperatively.
The patients showed a uniform elect rocardiographic pattern before the operation. Right axis deviation was present in all the cases. The electrical position of the heart was classified as vertical or semivertical in 41 instances. The average amplitude of the P waves was considerably greater than normal. The R waves in V1 were high and delayed and S waves were present in this lead in only five instances. In aV\R, the H/Q ratio was greater than unity in 41 cases. Normal S-T segments in all the leads were recorded in only eight cases; the remainder of the patients showed S-T depression in one or more leads. These changes were nost frequently seen in leads II, III, aV, and V1. In addition, these leads frequently showed T-wave inversion.
After pulmonary valvulotomy, transient changes in the electrocardiogram, mainly T-wave inversion and extrasystoles, suggestive of myocardial or pericardial involvement, frequently occurred during the early postoperative period.
The electrocardiograms taken at the last postoperative examinations (three months to four years after the operation) revealed significant changes as compared with the preoperative tracings.
A slight decrease was recorded in the average heart rate.
The amplitude of the P waves diminished in 40 instances. A decrease in the duration of the P wave occurred in 33 instances.
The Q-T intervXal decreased slightly in 16 cases.
A decrease ini the angle of the electrical axis occurred in 41 instances.
The amplitude of the R waves in V1 decreased in 40 cases. In three instances signs of partial right bundle-branch block appeared after the operation. In V1, the onset of the intrinsicoid deflection diminished in 35 cases.
The R Q ratio inl a\NR decreased in 41 cases.
Inl \5 an increase in the RI/S ratio was recorded inl 31 instances.
The S-T segments frequently became normal in leads II, III, aVF and V,; in these leads, the T waves frequently became positive. The postoperative changes measured in the electrocardiogram were considered to be due to the diminished load on the right side of the heart.
The size of the heart frequently remained unchanged after surgery even in cases which showed significant changes in the electrocardiogram towards normal and a narked postoperative drop in the right ventricular pressure. 
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